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High-performance concrete (HPC) is obtained by inclusion of mineral admixtures like silica fumes and fly ash to the normal
concrete. Consumption of natural materials such as sand, natural aggregates, and limestone produces environmental degradation.
Similarly, industrial by-products such as fly ash, silica fume, and ferro slag need to be safely disposed of without negatively
impacting the environment. The problem being addressed in this study is the need to develop high-performance concrete (HPC)
that is durable and environmentally friendly. In recent years, the use of natural aggregates and ferro slag as partial replacements for
traditional aggregates has gained attention as a sustainable alternative in the production of concrete. However, there is limited
research on the effect of these materials on the mechanical and durability properties of HPC under varied curing conditions. In
this current research, high-performance concrete of M60 grade with partial substitution of coarse aggregate with ferro slag
aggregate was formed as per the recommendations of the American Concrete Institute with the inclusion of fly ash and silica fume.
Natural coarse aggregate was partly substituted by ferro slag aggregate in proportions from 0% to 40%. Partial substitution of
cement was made with 15% of fly ash and 10% of silica fumes. Specimens of normal concrete mix (MF0) and modified ferro slag
aggregate concrete mix (MF20, MF30, and MF40) were prepared and subjected to acid test, sulphate test, and alternate wet and
drying tests to assess the compressive strength of the concrete mixes. Central composite design (CCD) of RSM modelling was
adopted to recommend a regression model to forecast the compressive strength of concrete under wetting drying test, acid test,
and sulphate attack. Further, natural aggregate, ferro slag, and duration of curing were considered as basic variables to suggest the
model. Regression models for response data were evaluated using analysis of variance (ANOVA) and Pareto charts. The results
show that the mix MF30 (30% substitution of natural aggregate by ferro slag aggregate) had higher compressive strength. The
residual compressive strength at 270 days under alternate wetting and drying, acid attack, and sulphate attack was obtained as
62 MPa, 62.50 MPa, and 66.50 MPa, respectively. Similarly, the percentage loss of weight was obtained as 12.92%, 12.22%, and
6.60% for alternate wetting and drying, acid attack, and sulphate attack, respectively. The findings of the analysis of variance
(ANOVA) indicate that the most significant factors influencing the variables CSyyp, CS .1, and CSgy are natural aggregate, ferro
slag, and curing period. The regression models for CSyp, CS 1, and CSqy are extremely significant, as shown by the ANOVA and
Pareto chart analyses.
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1. Introduction

Concrete is a well-known and a versatile building material in
the world. It is widely used in the development and con-
struction of various kinds of infrastructure such as buildings,
bridges, and dams. It possesses qualities that are important
and noticeable in the field of infrastructure construction,
such as strength, durability, convenience of placement, and
economy. It is a combination of cement, sand (fine aggre-
gate), crushed stone (coarse aggregate), and water. Along
with the advancements in science, engineering, and tech-
nology, many kinds of concrete have been developed.
However, the production and use of concrete can have
significant environmental impacts, including the emission of
greenhouse gases, the exhaustion of natural resources, and
the generation of waste. To address these environmental
issues, researchers have been exploring the development of
high-performance concrete (HPC). HPC is a type of con-
crete that is designed to have superior mechanical and
durability properties compared to conventional concrete
while also reducing its environmental impact. HPC can be
produced with lower amounts of cement, which reduces
carbon emissions, and can incorporate recycled materials
such as fly ash, slag, or silica fume, reducing waste and
conserving natural resources. High-performance concrete
(HPC) is concrete that satisfies certain performance and
uniformity standards that are often impossible to accom-
plish using standard ingredients, customary mixing, putting,
and curing procedures. Only low w/c, which requires usage
of high cement content, may be used to satisfy special
performance criteria using standard materials for applica-
tions like bridges, windmill towers, utility towers for oil and
gas industry, offshore structures, hydraulic structures, and
overlay materials. It is characterized by its early high
strength, high density, low shrinkage, high modulus of
elasticity, and impervious nature [1]. Moreover, it is strongly
corrosion-resistant and is durable in acid and alkaline en-
vironments. High-performance concrete is compatible with
the steel reinforcement embedded in the concrete and thus
provides a better bonding. It extends the concrete structure's
service life, causes minor damage, and lowers the cost of
future repairs of the concrete structure. However, the initial
production cost of the HPC is considerably high. The
concrete with uniaxial strength under compression is higher
than that of the control concrete produced in a given
geographical location, which can be regarded as the high-
strength concrete. The compressive strength of the concrete
cylindrical specimen of 28-day age made up of high-strength
concrete will be greater than 42 MPa. Condensed silica and
microsphere fly ash improved the packing density, flow-
ability, and strength aspect of the concrete for a low water
cement ratio of 0.35 [2]. Ultra-high-performance concrete
has outstanding freezing-thawing resistance due to its
condensed microstructure. Similarly, usage of steel fibres in
UHPC increases the load-carrying capacity [3]. UHPC
containing 10% substitution of steel slag shows higher flow
capacity when compared to control concrete [4]. Concrete
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with 10% steel replacement of coarse aggregate with steel
slag shows development in compressive strength, whereas
no significant development is detected in split tensile
strength and flexural strength [5]. UHPC containing 3% of
nano-titanium dioxide (TiO,) and 30% of low-carbon fly ash
shows a reduction in strength at the age of 56 days when
subjected to chloride diffusion and sulphuric acid [6].
Concrete strength is improved with respect to that of the
steel slag aggregate replacement for all mix proportions
associated with that of conventional concrete. Similarly,
water absorption capacity of steel slag aggregate concrete is
more than that of conventional concrete. The presence of the
inert lime in the concrete mix caused swelling of the concrete
in the longer run [7]. Self-compacting concrete containing
steel slag increases the stiffness and brittleness up to 20%
replacement, beyond which the strength decreases. The
addition of steel slag has an effect on the Poisson ratio of
concrete [8]. The fracture performance of concrete increases
up to 10% replacement of cement by weight of steel slag
powder, beyond which it shows a negative effect. This
negative effect may be due to low cementitious activity [9].
High-performance concrete not only satisfies the strength of
the concrete but also increases durability of the cement
matrix exposed to the environmental effects. The micro-
structure arrangements of the high-performance concrete
provided low porosity and are much less permeable com-
pared to those of the normal concrete [10]. The half-cell
potential values obtained through a half-cell potentiometer
provide information about corrosion and indicate the areas
of corrosion in the steel bar embedded in the concrete. An
adequate concrete cover as per the codal provision was more
important in reducing the corrosion of rebar in the concrete
in the long run [11]. Ferrocement composites having 30% of
steel slag as fraction of fine aggregate show increases in
initial crack load and failure load and less deflection [12, 13].
Response surface methodology, a statistical and mathe-
matical approach to design of experiments (DOE), can be
used to determine the impact of independent factors on
results with the fewest number of tests [14-17]. To calculate
the compressive strength of concrete, artificial neural net-
works (ANNs) using three-variable process modelling and
response surface methodology (RSM) are both effective
techniques [18]. Comparatively speaking, the RSM model’s
prediction of compressive strength using nondestructive
testing has a high degree of accuracy when compared to
other models like the power-power model, bilinear model,
double exponential model, and logarithmic model [19].
When validated with experimental findings, experiments
made for geopolymer concrete utilising the Box-Behnken
response surface approach revealed an inaccuracy of 2.24%
[20]. Compressive strength of UHPC having GGBS, fly ash,
and silica fumes is greater than 120 MPa. All the specimens
had goethite-like structures (corrosion by-products) visible
at 90 days. Compared to GGBS, the usage of fly ash sped up
the synthesis of such compounds [21]. With a flexure
strength of 29 MPa and compressive strength of 111 MPa
after 28days, specimens with a content of coarse coal
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gasification slag of less than 25% can meet the strength
requirements for nonstructural HPC [22]. The mechanical
characteristics of HPC were steadily enhanced as a result of
the greater polypropylene fibre (PP) content. The superior
performance of freshly formed and cured HPC with 46%
GGBS in place of cement with 0.025-0.25% PP fibre content
demonstrates the wide range of applications for these
mixtures [23].

In this study, high-performance concrete of M60 grade
was prepared with the addition of fly ash and silica fumes
with 15% and 10% replacement by weight of cement.
Moreover, coarse aggregate was partially substituted by ferro
slag aggregate in different proportions from 0% to 40%. To
assess the durability properties of concrete, acid test, sul-
phate test, and alternate wet and dry tests were conducted at
different curing ages. In order to obtain the ideal combi-
nation of progression variables (natural aggregate, ferro slag,
and curing period) and to develop a regression model for
predicting compressive strength under different curing
periods, central composite design (CCD)-RSM statistical
study was accomplished.

2. Materials

Ordinary Portland cement (OPC) of 53-grade in compliance
with IS 12269 (1987) [24] was purchased from a local market
and used in the various concrete mixes. Low-calcium fly ash
(Class F) with specific gravity of 2.24 was used as a partial
replacement for the cement. Silica fume is used for filling the
major pores in the concrete, thereby reducing the porosity to
a considerable amount, increasing the compactness, and
improving the density of the concrete. The chemical com-
position of silica fume and fly ash is shown in Table 1. The
sand used is passed through 4.75 mm IS sieve and conforms
to Grading Zone-II of IS 383 [25]. The well-graded granite
stone and ferro slag aggregate from steel residue were used as
coarse aggregate. Coarse aggregates of 12.5mm were
adopted for all the concrete mixes. The natural stone ag-
gregates were selected conforming to IS 383 [25]. The
physical properties of ferro slag aggregate and coarse ag-
gregate are shown in Table 2. A water reducer, CONPLAST
SP 430, was used as a chemical admixture, which enhanced
the pozzolanic reaction of fly ash. The specific gravity of the
fly ash concrete mix was 1.81 with solid content of 26%.

2.1. Concrete Mix Ratio. The mixture of concrete was
designed as per ACI Standards 211.4R [26] depending on the
M60 grade. The ratio of the water to cement in the concrete
mix is 0.48, and the proportion is 1:1.40:2.32. The quantity
of binder content was adopted as 15% for fly ash and 10% for
silica fume by weight of cement content. The admixtures,
namely, fly ash and silica fume, were added to the concrete
mix to realize the desired strength of the concrete. The
quantity of ferro slag aggregate was varied on the basis of the
0% to 100% replacement of the natural aggregate. Super-
plasticizer was added to the concrete mix to obtain
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TaBLE 1: Chemical composition of silica fumes and fly ash.

Composition Silica fumes Fly ash
SiO, 93.5 59.3
ALO; 0.27 34.6
Fe,0, 0.23 5.87
CaO 0.41 1.02
MgO 1.01 0.38
SO, 0.40 0.1
K,O 1.51 0.23
Na,O 0.79 1.54

TaBLE 2: Physical properties of ferro slag aggregate and coarse
aggregate.

Description Ferroslag aggregate Coarse aggregate
Specific gravity 2.82 2.76

Bulk density 1613.06 kg/m? 1653.06 kg/m?
Surface moisture 0.05% 0.086%
Water absorption 0.8% 1.00%
Fineness modulus 7.2 6.98
Impact value 26.5% 25.3%
Crushing value 27.5% 25.5%
Abrasion value 28.1% 26.5%

a workability of 100 mm for all mixes. The details of the mix
are given in Table 3.

3. Experimental Investigation

3.1. Optimising the Mix Proportions. The experimental in-
vestigation involves such that for each above case mentioned
in Table 3, concrete cubes of size 15cm x 15cm x 15 cm for
M60 grade of the concrete will be investigated for com-
pressive strength. The cast cubes were verified for com-
pressive strength, after three days, seven days, and twenty-
eight days of curing as per the recommendations of IS 516
[27]. The strength of compression analysis is made in
compression machine with 1000kN which is tested in
a universal testing machine with 1000 kN load cell limit. The
optimum mix proportion which has higher compressive
strength was selected for further durability studies.

3.2. Durability Studies

3.2.1. Alternate Wet and Dry Testing. An alternate wetting
and drying test was performed on the concrete cubes of
a standard size of 100 mm x 100 mm x 100 mm. The concrete
cube specimens after twenty-eight of curing were exposed to
wet and dry tests by placing the cubes in water for 24 h and
then air room temperature for 24 h as per the standard test
procedures, and this alternate dry and wet test was carried
out at different ages. The test procedure as per IS 4332: Part 4
[28] was followed while testing the concrete specimens. The
testing procedure was repeated regarding 56 days, 90 days,
120 days, 180days, and 270 days of alternate wetting and
drying of the specimens. The concrete specimen was
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TaBLE 3: Concrete mix design proportions.
Coarse aggregates
Mix ID Cement Fly ash Silica fume Fine aggregates Natural Ferro slag aggregates Water (I/m*) Superplasticizer (I/m’)
aggregates
(kg/m3)
MF0 382.5 76.5 51 716.17 1186.56 0.00 143 4.54
MF10 382.5 76.5 51 716.17 1067.90 118.65 143 4.54
MEF20 382.5 76.5 51 716.17 949.24 237.31 143 4.54
MF30 382.5 76.5 51 716.17 830.59 355.96 143 4.54
MF40 382.5 76.5 51 716.17 711.93 474.62 143 4.54
MF50 382.5 76.5 51 716.17 593.28 593.28 143 4.54
MEF60 382.5 76.5 51 716.17 474.62 711.93 143 4.54
MF70 382.5 76.5 51 716.17 355.96 830.59 143 4.54
ME80 382.5 76.5 51 716.17 237.31 949.24 143 4.54
MF90 382.5 76.5 51 716.17 118.65 1067.90 143 4.54
MF100 382.5 76.5 51 716.17 0.00 1186.56 143 4.54

weighed initially before testing them under compression,
and the final weight was taken after alternate wet and dry
curing. The mass loss in the concrete specimen was de-
termined. The compressive strength of the concrete cube
specimens after alternate wet and dry test was determined.

3.2.2. Acid Test. Acid test was conducted on the concrete
cubes of standard size of 100 mm x 100 mm x 100 mm to
determine the residual compressive strength of the concrete
cube specimens subjected to the acid exposure. The acid
solution was prepared with 5% concentrated sulphuric acid
diluted in one litre of water and filled in the container of
needed quantity to use for all the different concrete mixes.
The initial weight of the concrete specimen was taken, and
then the specimen was immersed in the prepared diluted
sulphuric acid solution. The pH of the acid solution was
kept constant at 5 throughout the testing period by regu-
larly replacing the acid solution for every period of 14 days.
After immersion in sulphuric acid solution for periods of
56 days, 90days, 120days, 180days, and 270days, the
concrete specimens of all kinds of the concrete mix were
taken out. The concrete specimens were dried at room
temperature for one hour to eliminate the surface moisture
on the concrete surface. The concrete specimens after the
acid exposure were exposed to compression with a digital
compression testing machine of 1000 kN capacity. The acid
test setup is shown in Figure 1.

3.2.3. Sulphate Test. A sulphate test was performed on the
concrete cubes of standard size 100 mm x 100 mm x 100 mm
to determine the residual compressive strength of the
concrete mixes after the cubes were exposed to sulphate
attack. The sulphate solution was set by dissolving 30000 mg
of sodium sulphate in one litre of water and prepared for the
immersion of the concrete specimens. The initial weight of
each concrete specimen was taken and then the concrete
specimen was immersed in the prepared sulphate solution.
Spent-up sulphate solution was replaced with freshly

FIGURE 1: Acid test setup.

prepared sulphate solution for every term of 14 days to keep
the concentration of the solution constant throughout the
testing period. The concrete specimens of all mix pro-
portions adopted in the study were tested at ages of 56 days,
90 days, 120 days, 180 days, and 270 days. The final weight of
the concrete specimens after acquaintance with sulphate
attack was noted, and the loss in mass of the concrete
specimen was calculated as the difference in initial and final
weights of the concrete specimen. The concrete specimens
were air-dried at room temperature for one hour to remove
the saturated concrete surface and tested by using a digital
compressive strength testing machine to determine the
strength of concrete under compression affected by sulphate.
The test setup for the sulphate test is shown in Figure 2.

3.3. Scanning Electron Microscope Analysis of Concrete.
Break surface inspection was made at a smaller scale level
through a scanning electron microscope (SEM) with a res-
olution of 50 to 100 nm and magnification up to 2 ym. SEM
images are taken for the samples taken under compressive
loads to identify spatial variation in the material properties
of the object.
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FIGURE 2: Sulphate test setup.

4. Proposed Strength Prediction Model

Concrete strength can be accurately predicted using re-
sponse surface methodology (RSM). The quantities of ce-
ment, aggregates, water, and additives in the mix, as well as
the curing conditions, all affect the strength of concrete. To
comprehend and maximise these aspects and obtain the
desired concrete strength, RSM offers an organised tech-
nique. A sequence of experiments is carried out by altering
the relevant elements within a predetermined range in order
to apply RSM to forecast the concrete strength. The ratios of
natural aggregates, ferro slag, and curing age are among
these variables. The concrete samples created in each ex-
periment are then tested for strength. In order to create
a mathematical model that explains the connection between
the input variables and the concrete strength, the obtained
data are statistically analysed. Either a regression model or
a polynomial equation can be used to express the model.
Each factor and its interactions’ importance can be ascer-
tained using RSM procedures like analysis of variance
(ANOVA) [29]. The strength of concrete can be predicted
using the mathematical model once it has been established
for any given set of input variables falling within the ex-
perimental range. Additionally, the RSM optimisation
technique is used to identify the ideal factor concentrations
that produce the desired concrete strength. To determine the
link between independent and outcome variables in RSM,
the central composite design is used [30]. Equation (1) is
then used to determine the ideal number of experiments.

N=24+2k+n, (1)

where k=number of influences and n=number of center
points [31]. To obtain the optimum outcomes, a quadratic
model as shown in equation (2) was used.

Y:A0+iAlxl+iAllxlz+iiA1]x1x]’ (1:)&]), (2)
i-1

i=1 i~1i=n

where Y = response, A, = constant; A; = linear coefficient,
Aj; = quadratic coeflicient, and A;; = interactive coeflicient.

TaBLE 4: Compressive strength of different mix proportions.

Mix ID Compressive strength (MPa)

3" day 7™ day 28" day
MEFO0 40.48 51.40 64.25
MF10 41.90 53.20 66.50
MF20 43.79 55.60 69.50
MF30 44.86 56.96 71.20
MF40 44.42 56.40 70.50
MF50 40.80 51.81 64.76
MF60 39.82 50.56 63.20
MF70 38.75 49.20 61.50
MF80 37.49 47.60 59.50
MF90 36.86 46.80 58.50
MF100 35.28 44.80 56.00

5. Results and Discussion

5.1. Optimum Concrete Mix. The compressive strength of
the concrete cube specimens of all mix proportions was
found at the age of 3days, 7days, and 28days. It was
detected from the experimental results that upsurge in the
weight percentage of ferro slag aggregate increased the
compressive strength of the concrete up to 40% sub-
stitution of natural aggregate and beyond this replacement
level, the strength of the concrete mix began to reduce
marginally compared to that of the strength of the refer-
ence/controlled concrete mix. The rise in the strength of the
concrete was mainly due to the strong binding behavior of
the ferro slag aggregate with natural aggregate, and this
aspect holds good up to 40% replacement. It was believed
that the adding fly ash and silica fume enhanced the
strength properties of the concrete mix. From Table 4, three
kinds of mixes-MF20, MF30, and MF40, having 20%, 30%,
and 40% replacement by ferro slag aggregate, possessed
higher compressive strengths of 69.50 MPa, 71.20 MPa, and
70.50 MPa, respectively, as compared to that of the
strengths of all other mixes. The plain natural aggregate
concrete shows significant compressive strength of
64.25 MPa. Hence, the optimised concrete mixes of MF20,
MF30, and MF40 were chosen for further experimental
studies. The particulars of the mix proportions with respect
to reference the concrete mix and the optimised concrete
mixes are displayed in Table 5.

5.2. Scanning Electron Microscope Analysis of Concrete.
Scanning electron microscopy is a useful means to study the
internal structure, chemical composition, size, shape, ori-
entation, and binding of particles in concrete mixes [31].
Specimens of modified ferro slag aggregate concrete (MF30)
prepared with 30% substitution of natural coarse aggregate
by ferro slag aggregate and with the addition of silica fume
and fly ash were examined under a scanning electron mi-
croscope. Images at 2.5kx, 5kx, 7kx, 25kx, and 50kx
magnifications were captured and studied, as shown in
Figures 3 and 4.

Silica fume and fly ash chemically react with (Ca (OH),)
leading to the creation of an additional C-S-H gel, which in
turn increases the strength of concrete. Due to the
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TaBLE 5: Optimised mix proportion.
Coarse aggregates

. Cement Fly ash Silica fume Water Superplasticizer

Mix ID Y Natural aggregates Ferro slag perp
aggregates
(kg/m3) (I/m®)

MFO0 382.5 76.5 51 1186.5 0 143 4.589
MF20 382.5 76.5 51 949.24 237.51 143 4.589
MEF30 382.5 76.5 51 830.59 355.96 143 4.589
MF40 382.5 76.5 51 711.94 474.62 143 4.589
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FIGURE 3: Scanning electron microscopic (SEM) images of modified ferro slag concrete at 25kx and 50 kx magnifications.

substitution of cement with fly ash, the distribution of C-S-H
decreased after 28days of curing. In the mix, due to
unreacted particles present, the development of C-S-H was
less. Crystal deposition in the mixture’s microstructure is
minimal and other prominent mineral components include
Ca (OH), and calcite (CaCOs). The strength decreases as
a result of the lack of hydration of the cement paste’s
particles. The primary cause of this mixture’s strength is the
formation of an extra C-S-H gel as a result of the chemical
reaction between silica fume and fly ash and Ca (OH),.

The SEM images of the modified ferro slag aggregate
concrete illustrate the disposition of silica fume and fly ash
particles and highlight the good bonding of these admixtures
with the ferro slag aggregate. The mineral admixtures de-
crease the porosity and increase the density of the concrete.
Fly ash occurs in the concrete matrix in the form of small
hollow spherical particles. Silica fume is noticed in the form
white solid ruptured particles. With its cementitious
property, silica fume binds well with other ingredients and
increases the impermeability of the concrete mix; also, it
increases high strength and high density of the concrete.
From the analysis of SEM images of the normal concrete mix
and modified ferro slag concrete mix (MF30) captured at
different resolutions, it is ascertained that the modified ferro
slag concrete mix possesses better strength than the normal
concrete mix.

5.3. Durability Tests. The concrete samples were exposed to
various environmental conditions, and the durability at-
tributes were assessed for a period of 270 days. The durability
of the modified concrete mixes exposed to aggressive
chemical environments was assessed through alternate wet
and dry test, acid test, and sulphate test.

5.3.1. Alternate Wet and Dry Testing. The weights of con-
crete cube specimens of size 100 mm x 100 mm x 100 mm of
normal concrete mix as well as modified concrete mix were
taken, and then the concrete specimens were immersed in
water with sodium chloride (NaCl,) of 5N for periods of
56 days, 90 days, 180 days, and 270 days. The specimens of
concrete were removed, dried, and weighed. The concrete
sample’ compressive strength was assessed. The develop-
ment of initial cracks was noticed in the concrete samples,
irrespective of the mix proportions [32]. However, the cracks
in the normal concrete specimen were wider than those
observed in the concrete specimens of the modified concrete
mixes. The observed results indicated that the compressive
strength of the concrete specimen with ferro slag aggregate
had shown improvement in the strength of the concrete
compared to that of the plain nominal aggregate concrete for
all mix proportions adopted. The percentage loss in com-
pressive strength is shown in Table 6, and the compressive
strength of concrete specimens after the wet and dry
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FIGURE 4: Scanning electron microscopic (SEM) images of modified ferro slag concrete at 7kx, 5kx, and 2.5kx magnifications.

TaBLE 6: Percentage loss in compressive strength after the wet and
dry test.

Percentage loss in compressive strength due to wet and dry test

Days MEFO0 ME20 MEF30 MF40
0 day 0 0 0 0

28 days 0.389 0.7194 1.685 2127
56 days 3.346 1.438 3.792 4.255
90 days 6.303 2.733 6.601 7.801
180 days 11.284 6.474 10.814 9.929
270 days 15.953 13.669 12.921 14.893

processes is shown in Figure 5. From Figure 5, 30% re-
placement of the ferro slag showed higher compressive
strength for 0, 28, 56, and 270 days. Similarly, from Table 7, it
is found that percentage loss of weight due to alternate
wetting and drying processes is minimum compared to
conventional concrete irrespective of the number of days.

5.3.2. Acid Test. Compressive strength examinations on
concrete cube specimens are used to evaluate the com-
pressive strength of both the control concrete mix and the
modified concrete mix. All of the concrete specimens were

initially cured in water for twenty-eight days. The concrete
specimens are then submerged for periods of 28 days,
56 days, 90 days, 180 days, and 270 days in an acidic so-
lution of sulphuric acid of 1 N normalcy. After being ex-
posed to chemical attack, the concrete specimens were
removed, cleaned, and tested for compressive strength
using a compression testing equipment of 2000kN.
Throughout the whole testing procedure, the loading rate
was held constant at 2.5kN/sec [33]. Table 8 and Figure 6
show the test results of the compressive strength of con-
ventional and modified concrete mix after exposure to
varying periods of acid environment. It was found that the
concrete specimens of all the modified mixes evinced better
compressive strength values than that of the normal
concrete mix. Substitution of coarse aggregate up to 30% by
ferro slag aggregate in the modified mixes produced the
gradual increase in the compressive strength of the mixes;
above 30% replacement, as in the case of mix MF40, the
compressive strength got decreased. Silica fume and fly ash
were added as admixtures to improve the density of the
concrete mixes. The silica and pozzolanic material present
in the admixtures imparted a stiff resistance to the concrete
mixes against acid attack [10]. It was observed that the loss
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FiGure 5: Compressive strength due to alternate wet and dry tests.

TaBLE 7: Weight loss of specimens subjected to alternate wet and
dry test.

Mix ID MFO0
Days 0 28 56 90 180 270
Loss in % 1.21 4.06 6.50 8.13 9.34 10.56
Mix ID MEF20
Days 0 28 56 90 180 270
Loss in % 0.00 2.00 5.61 7.22 8.42 9.61
Mix ID MF30
Days 0 28 56 90 180 270

Loss in % 0.39 1.58 3.16 4.34 5.53 7.11

Mix ID MF40
Days 0 28 56 90 180 270
Loss in % 0.38 3.10 5.03 6.20 7.75 8.91

TaBLE 8: Loss in compressive strength due to acid attack.

Percentage loss in compressive strength due to acid attack

Days MFO0 MEF20 MEF30 MF40
0 day 0.00 0.00 0.00 0.00
28 days 1.56 1.44 1.40 1.42
56 days 4.28 4.17 2.74 4.96
90 days 7.24 6.19 5.20 8.92
180 days 14.09 11.94 8.15 12.06
270 days 18.13 15.11 12.22 14.61

of weight due to acid attack was higher with respect to that
of the reference mix (normal concrete mix with no re-
placement of natural aggregate) and was lower in the case
of mix MF30 (modified concrete mix prepared with 30%
replacement of natural aggregate by ferro slag aggregate).
The decomposition and degradation of strength is due to
the formation of hydration products when acids attack
calcium hydroxide. The data on the loss of weight in
specimens appear in Table 9.

5.3.3. Sulphate Test. Normative concrete mix and adapted
concrete mix concrete cube samples were submerged in
sulphate solution for various lengths of time, including
28 days, 56days, 90days, and 180days. The concrete
samples were removed after the sulphate assault phase,
cleaned, and tested for compressive strength using
a compressive strength testing machine. The residual
compressive strength of the concrete that had been exposed
to sulphate attack for various time periods and the weight
loss of the concrete were two distinct metrics that were
calculated. The experimental results revealed that after
sulphate attack, the concrete specimens of modified con-
crete mix possessed higher residual compressive strength
than that of the sulphate impregnated normal concrete mix
[34]. The mineral admixtures silica fume and fly ash sig-
nificantly improved the strength of both kinds of concrete
mixes, i.e., normal concrete mix and adapted concrete
mixes. It was surmised that the ferro slag, silica fume [35],
and fly ash concrete combined very well with the in-
gredients of the concrete mix, increased the density of the
concrete, and attributed to the high resistance of the
specimens to sulphate attack [36]. The results of the sul-
phate attack test are shown in Table 10 and Figure 7.

It was observed from Table 11 that the weight loss of the
concrete specimens of normal concrete mix with natural
coarse aggregate was much higher than that of the modified
concrete mix specimens prepared with partial addition of
natural coarse aggregate by ferro slag aggregate. The weight
loss due to the sulphate attack in the modified concrete mix
specimens was much less because of the good binding of
ferro slag aggregate with cement and sand and the conse-
quent formation of a dense concrete matrix [37, 38].

54. RSM Model. In this study, response surface
methodology-central composite design (CCD) is used to
recognize the impact of independent parameters of natural
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FIGURE 6: Compressive strength of conventional and modified concrete mixes.

TAaBLE 9: Weight loss of concrete mixes exposed to acid attack.

Mix ID MFO0
Days 0 28 56 90 180 270
Loss in % 0.00 2.45 6.12 8.16 12.24 14.29
Mix ID MF20
Days 0 28 56 90 180 270
Loss in % 0.00 2.38 4.37 5.56 8.33 10.71
Mix ID MF30
Days 0 28 56 90 180 270
Loss in % 0.00 1.16 3.49 5.04 7.36 8.53
Mix ID MF40
Days 0 28 56 90 180 270
Loss in % 0.00 1.92 3.45 6.51 8.81 9.96

TaBLE 10: Results of the compressive strength test on concrete mixes subjected to sulphate attack.

Percentage loss in compressive strength due to sulphate attack

Days MFO0 MEF20 MEF30 MF40
0 day 0.00 0.00 0.00 0.00
28 days 117 0.72 0.28 0.00
56 days 4.28 1.44 2.39 1.42
90 days 6.30 3.60 3.79 4.14
180 days 8.79 5.53 5.20 5.65
270 days 10.97 7.19 6.60 7.32

aggregate, ferro slag, and period of curing on the strength  in equations (3)-(5) for predicting the compressive strength
properties of concrete under wetting drying test, acid test,  of high-performance concrete. Natural aggregate, ferro slag,
and sulphate attack. Based on test results obtained, a sim- and curing period were considered basic variables for
plified model is proposed using regression analysis as shown  establishing the model.
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FiGure 7: Compressive strength of different concrete mixes after sulphate attack.

TaBLE 11: Loss of weight in concrete specimens exposed to sulphate TasLE 13: Analysis of variance (ANOVA) of CS.
attack. Source DF F value P value
Mix ID MFO0 Model 9 3.86 0.023
Period of exposure in days 0 28 56 90 180 270 Linear 3 6.29 0.011
Loss in % 0.39 3.57 6.34 833 1230 14.68 NA 1 6.69 0.027
Mix ID MF20 FS 1 1.27 0.285
Period of exposure in days 0 28 56 90 180 270 CD 1 10.90 0.003
Loss in % 0 191 536 804 103 1187  Square 3 2.49 0.120
; NA 1 2.67 0.134
Mix ID ME30 FS? 1 0.82 0.387
Permfi of exposure in days 0 28 56 90 180 270 cD? 1 334 0.098
Loss in % 0 113 3.01 719 871 9.84 2-way interaction 3 2.81 0.094
Mix ID MF40 NA =* FS 1 1.79 0.211
Period of exposure in days 0 28 56 90 180 270 NA % CD 1 6.51 0.029
Loss in % 0 191 383 881 957 1111 ES % CD 1 0.13 0.723
Error 10 0 0
Lack of fit 5 1.23 0.413
TaBLE 12: Analysis of variance (ANOVA) of CSyyp. TABLE 14: Analysis of variance (ANOVA) of CSgr.
Source DF F value P value Source DF F value P value
Model 9 1.26 0.362 Model 9 3.56 0.030
Linear 3 1.91 0.192 Linear 3 6.31 0.011
NA 1 5.45 0.004 NA 1 3.57 0.088
EFS 1 0.16 0.697 ES 1 1.43 0.259
CD 1 0.13 0.727 CD 1 13.94 0.004
Square 3 0.95 0.455 Square 3 423 0.036
NA? 1 0.40 0.543 NA? 1 12.41 0.004
FS? 1 112 0.315 FS? 1 0.53 0.484
CD? 1 1.80 0.209 CD? 1 0.00 0.978
2-way interaction 3 0.91 0.469 2-way interaction 3 0.15 0.928
NA * ES 1 1.49 0.250 NA * ES 1 0.01 0.928
NA *= CD 1 0.54 0.481 NA *= CD 1 0.02 0.881
FS « CD 1 0.71 0.418 FS « CD 1 0.42 0.534
Error 10 0 0 Error 10 0 0
Lack of fit 5 15.63 0.005 Lack of fit 5 2.98 0.128




Advances in Civil Engineering 11
Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response is C.S.WD, a = 0.05) (response is C.S AT, a = 0.05)
Term 2-?28 Term 2.228
A . T "
C
CcC
AB
AC
BB
CcC
BC
AA
AC
AA AB
B B
c BB
: ; ; BC
0.0 05 1.0 15 2.0 25 ] , , , , , : ,
Factor Name Standardized Effect
A Natural aggreate Factor Name
B Ferroslag A Natural aggreate
C Curing days B Ferroslag
C Curing days
(a) (b)
Pareto Chart of the Standardized Effects
(response is C.S ST, a = 0.05)
Term 2.228
T
C
AA
B
BB
BC
AC
AB
CC
0 1 2 3 4
Standardized Effect
Factor Name
A Natural aggreate
B Ferroslag
C Curing days
(©)
FIGURE 8: Pareto chart for (a) CSyp, (b) CS,r, and (c) CSgy.
TABLE 15: Percentage contribution of NA, FS, and CD.
Parameter CSwp CSyr CSgr
NA 42 38 21
ES 28 11 17
CD 30 51 62
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F1GURE 9: Surface plot for CSyyp. (a) Curing days and natural aggregate. (b) Ferroslag and natural aggregate. (c) Curing days and ferroslag.

CSywp = 37.0 + 0.03NA — 0.0151FS + 0.0746CD — 0.000014(NA)2

~0.000023 (FS)> - 0.000091 (CD)? (3)
+0.000036NA * ES — 0.000038NA * CD — 0.000044FS * CD,

CS,p = 16.60 + 0.0676NA + 0.01201FS + 0.0735CD
—0.000022 (NA)? + 0.000012 (FS)* + 0.000077 (CD)? (4)
— 0.000024NA * FS — 0.000082NA * CD + 0.000012FS * CD,

CSgp = 30.0 + 0.0842NA + 0.0042FS — 0.0215CD — 0.000047 (NA)
~0.000010 (FS)* - 0.000001 (CD)? (5)

+ 0.000002NA = FS — 0.00005NA * CD + 0.000020FS * CD,

where CSyp, CSur, and CSgp represent the compressive
strength of concrete under wetting drying test, acid test, and
sulphate test, respectively. NA is natural aggregate, FS is
ferro slag, and CD is the period of curing.

5.4.1. Lack of Fit (P Value) and Pareto Analysis. If the
progression variable’s respective p values are <0.005 and
<0.001, then the progression variable is significant. If the p
value of the progression variable is >0.005, it is considered
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F1GURe 10: Surface plot for CS,. (a) Curing days and natural aggregate. (b) Ferroslag and natural aggregate. (c) Curing days and ferroslag.

trivial. From ANOVA Table 12 the p value of NA is < 0.005
that clearly shows that they are significant in CSWD.
Similarly from Table 13 it is seen that the p values of NA, CD,
and NA * CD are less than 0.005, which clearly indicates that
linear NA, CD, and quadratic NA * CD have significance in
CS,r. From Table 14, the value of p is less than 0.005 for
linear CD and quadratic NA, which denotes that CD and NA
have more significance in CSgr compared to linear NA
and FS.

Conferring to the Pareto chart in Figure 8, Linear (A)
had a higher value than Linear (B and C), indicating that
natural aggregate is more important than ferro slag and
curing period for CSyyp. The F value of linear NA is higher in
ANOVA (Table 12) compared to FS and CD, which provides
further evidence that natural aggregates are considered
a more significant factor in determining CSyyp. From Fig-
ure 8(b), the value of linear A and C and quadratic AC are
more significant for CS .. Similar observations are made in
Table 13 where the F value of linear NA, CD, and quadratic
NA # CD is high, which clearly indicates that natural ag-
gregate and curing period contribute to CS,r. From
Figure 8(c), linear C and quadratic AA are higher than the

standard value of 2.28 indicating that they are more sig-
nificant in CSgy. Similar results are found in Table 14 as the F
values of linear CD and quadratic NA? are high. From the
responses of CSyp, CS,p, and CSgr it is apparent that the
natural aggregate and curing period are the most significant
factors which influence the compressive strength.

5.4.2. Surface Plot Analysis. In Figures 9-11, three-
dimensional (3D) surface plots are displayed to show how
progression variables affect the responses. From Figure 9, it
is evident that concrete with 830.59kg/m> of natural ag-
gregate (70% by weight of concrete) and 355.96 kg/m’ of
ferro slag (30% by weight of concrete) after 135days of
curing under wet and dry, acid curing, and sulphate curing
has the highest compressive strength. Although addition of
ferro slag has increased the compressive strength under
different curing conditions, their addition beyond 30%
substitution and 270 days of curing the compressive strength
decreased under wet and dry condition, acid test, and sul-
phate test. The influence of natural aggregate, ferro slag, and
curing days on CSyp, CS,r, and CSqy is shown in Table 15.
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The contributions to the compressive strength due to
alternate wetting and drying, acid test, and sulphate test due to
the dosages of natural aggregate (1186.5 kg/m’, 949.24 kg/m’,
830.59 kg/m’, and 711.94 kg/m?) and ferro slag (0, 237.51 kg/
m?, 355.96 kg/m”>, and 474.62 kg/m®) at curing ages of 0, 28,
56, 90, 180, and 270 days are shown in Table 15. As shown in
the table, the contributions of the NA and FS and their in-
teraction to the compressive strength of concrete varied
widely depending on the curing age and curing regime. The
effect of NA on CSyy, was 42% at 28 days and was reduced to
38% and 21% for CS, and CSgy, respectively. On the other
hand, the contribution of curing days was 30%, 51%, and 62%
for CSyp,CSpr>and CSqp, respectively. The percentage
contribution of FS is very minimum when compared to other
parameters.

6. Conclusions

To determine the combined effect of fly ash, silica fumes, and
ferro slag aggregate on high-performance concrete, an ex-
perimental examination was conducted. Additionally, RSM

was utilised to forecast the compressive strength of concrete
in several tests, including wetting dry, acid, and sulphate.
The important conclusions derived from the findings are
listed below:

(i) The maximum compressive strength of 71.20 MPa
is observed for 30% substitution of the ferro slag
which is about 30% higher than conventional
concrete.

(ii) The high compressive strength was due to the
bonding of ferro slag aggregates with the cement,
fly ash, and silica fume in the hydration process.
High dense concrete was obtained due to the ferro
slag aggregate.

(iii) The residual compressive strength under acid at-
tack was higher for the ferro slag aggregate, and it
was found to be 30% replacement of ferro slag as an
optimum dosage for 270days, 62.50 MPa com-
pared to that of the conventional concrete of
52.60 MPa.
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(iv) The weight loss of concrete under acid attack for
270 days period is 8.53% compared with 14.29% of
conventional concrete.

(v) In chloride attack for 270-day period, the residual
compressive strength of the concrete was higher
for the 30% replacement of ferro slag with a value
of 65.20 MPa compared to that of the conventional
concrete of 55.60 MPa.

(vi) Similarly, sulphate and alternate wet and drying
tests on the concrete also showed higher residual
compressive strength of the concrete when asso-
ciated with that of the conventional concrete.

(vii) According to the analysis of variance results,
natural aggregate, ferro slag, and the curing du-
ration were the main contributing factors for
CSwp»> CSsr» and CSgr. The results of the ANOVA
and Pareto chart analysis exhibited that the re-
gression models for CSyyp,CS,r, and CSgr are
quite significant.

(viil) Given that the models’ p values were <0.005, their
outputs are highly accurate. The natural aggregate,
ferro slag, and curing period are the most im-
portant factors for CSyp, CSpr, and CSgp
according to the outcomes of regression analysis,
Pareto chart, and surface plot analysis.

(ix) From this study, it was clear that the ferro slag
aggregate can be used as coarse aggregate as
a fractional substitution of natural coarse aggregate
and the same was experimentally proved under
different conditions. Thus, using ferro slag ag-
gregates in the building sector will be a practical
way to prevent the destruction of the environment.
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